Abstract-Five experiments were carried out to examine whether top-down processes can aid search, even when targets and distractors are variably mapped. Experiments 1a and 1b determined that effortless VM search can be obtained in Contrast Polarity X Orientation and Color X Orientation conjunction search when one feature dimension remains consistently mapped across blocks. Experiment 2 showed that efficient VM search is possible when both dimensions are variably mapped. In Experiment 3, efficient VM search was found when target-distractor reversals occurred on a trial-wise basis. Experiments 4 and 5 found that VM search deteriorates when target identity is not known prior to display onset. These studies demonstrate the role of top-down mechanisms in the development of efficient VM search and present several challenges to strength-theoretic views on the mechanisms underlying automaticity.
INTRODUCTION
Performance on most tasks improves with practice and visual search is no exception. Schneider and Shiffrin (1977) demonstrated that large display size effects could be eliminated after several thousand practice trials. This practice-based change in the attentional demands of the task has been reported for conjunctions of contrast polarity, color, shape and orientation (Ho and Scialfa, 2002; Nakayama and Mackeben, 1989; Sireteanu and Rettenbach, 2000; Theeuwes and Kooi, 1994) . There is a widespread view that the development of efficient search, characterized by a minimal display size effect, is possible only under consistent-mapping (CM) training, in which the targets and distractors do not reverse roles over trials. Yet, under some simple varied-mapping (VM) conditions, wherein target and distractor identity is periodically reversed, display size effects can look similar to CM search (e.g. Schneider and Shiffrin, 1977) . These findings have been largely overlooked. The purpose of the following experiments was to replicate and extend previous work that showed that search under VM can be very efficient under some circumstances. The second purpose was to determine if top-down processing, specifically knowledge of target identity, is necessary for efficient VM search.
In the classic demonstration of training-related differences in asymptotic search performance, Schneider and Shiffrin (1977) asked observers to perform a letter search task under both CM and VM conditions. After several thousand training trials, the slope of the display size effect was near zero under CM conditions, but significantly greater than zero under VM conditions. In addition, the ratio of target-absent to target-present trials was approximately 1 : 1 under CM training, but 2 : 1 under VM training. These CM-VM differences are accounted for in strength theoretic approaches (Fisk et al., 1988; Shiffrin and Dumais, 1981; Schneider and Shiffrin, 1977) by asserting that in CM training, differential attentional allocation allows targets to increase and distractors to decrease in attention-attraction strength. When this differential is sufficiently great, the target is always attended first and performance becomes independent of display size. Thus, CM is considered critical to the development of automatic search.
In contrast, under VM conditions, both targets and distractors maintain intermediate levels of attention-attraction strength and so search remains dependent on the attentional demands of the task. Schneider (1985) argued that, "The learning mechanisms influence performance when there is a consistent relationship between the messages that are sent from one unit to another. In a variably mapped condition, this consistency is not maintained, and hence little, if any, learning is expected to occur" (p. 484). As well, asserted "VM training conditions result in little performance improvement other than that due to general familiarization with the task" (p. 132). Indeed, the evidence for these assertions is strong. Numerous studies have found that CM training is superior to VM training and it is only with CM training that efficient and automatic levels of performance are usually attained (Hertzog et al., 1996; Rogers and Fisk, 1991; Schneider and Fisk, 1984; Schneider and Shiffrin, 1977) .
While, in general, CM training results in greater performance gains than VM training, the conditions where these findings have arisen often involve complex semantic category search tasks with high cognitive load. When the conditions of search are much simpler, such as the case in a pure visual search with only one target, asymptotic VM performance need not be inefficient or slow. For example, Schneider and Shiffrin (1977) showed that when memory set size is one item, there are virtually no differences between CM and VM conditions. Czerwinski et al. (1992) also compared CM and VM letter search. For one group, they found targetpresent slopes of 10 and 12 ms/item for CM and VM, respectively. Although high error rates on target-present VM trials may complicate the picture, approximately equivalent slopes were obtained on target-absent trials as well. Myers and Fisk (1987) asked observers to respond to a set of letters only if they were presented in a specific spatial arrangement. Thus, at the letter level it was a VM task, yet practice resulted in general improvement in performance and a decline in the memory set size effect. Durso et al. (1987) gave observers a digit-identification task in which for each trial, the highest digit had to be identified. This was a VM task at the stimulus level because on some trials '6' was a target and on others it was a distractor. Still, asymptotic performance was similar to CM training.
Such findings have prompted alternative views about the role of consistency in the development of efficient search. Duncan (1986) noted that CM may occur at various task levels and that observers may be able to optimize performance in tasks that are locally inconsistent if they possess higher-order consistency. contend that consistency may exist at the stimulus, rule, or context level and that global consistency can "dominate performance improvement if lower-level consistency is absent" (p. 268). Kramer et al. (1990) suggested that observers use a higher-order rule that leads to efficient search despite superficial change in the elements comprising the search. Similarly, Anderson (1983) asserted that what is learned in skilled performance is the production of a rule that is strengthened when invoked.
The locus of the rule is likely not at the feature level. Several studies in which both response times and eye movements were measured (Ho and Scialfa, 2002; Scialfa et al., 2000; Ho et al., 2003) provide data that suggest a more general algorithm is at work. Ho and Scialfa (2002) gave observers a CM conjunction search task but periodically reversed the targets and distractors. While the RT data showed disruption at the first reversal, as would be predicted by strength theory, subsequent reversals led to no disruption. Furthermore, the eye movement data indicated that even at the first reversal, observers immediately began to fixate those items sharing the new target's features, ignoring items they had previously attended. Ho et al. (2003) have shown that this pattern generalizes to more complex conjunction search tasks. These data suggest that observers learn to select objects that share one or two target features and then perform a singleton search along the remaining dimension. There is no reason that such an algorithm could not be applied in VM conditions. Few if any of these studies have examined the efficiency of VM conjunction search where general algorithms (e.g. eliminate all items of the wrong color and search for the orientation singleton) can be applied across reversals in target and distractor identity. In these tasks, rule-based generalization may be quite simple and efficient (Ahissar and Hochstein, 1997) . Therefore, in Experiment 1a, we examined VM search for Contrast Polarity X Orientation conjunction search. Experiment 1b was a replication with Color X Orientation search. In both of these experiments, reversals occurred after every block of trials and only one feature value (contrast polarity in Experiment 1a and color in Experiment 1b) was reversed while the other feature (orientation in both experiments) remained consistently mapped. In Experiment 2, the reversals involved both featural dimensions. Experiment 3 examined the development of VM search skill when reversals occurred on every trial. In order to uncover the role of top-down processing in VM search, Experiments 4 and 5 examined VM performance when target identity was not known prior to the presentation of the display.
GENERAL METHOD

Participants
In Experiment 1a, two experienced co-authors (CS and GH) and four experimentally-naïve adults served as observers. Experiment 1b, 2, 4 and 5 involved the three authors only. Experiment 3 included the authors and three inexperienced observers. All participants ranged in age from 23 yrs to 44 yrs and had normal or corrected-tonormal vision at 50 cm.
Apparatus
The displays were presented on a 486 platform on a 14 Sony Trinitron Multisync CPD-100 GS monitor. Monitor resolution was set at 640×480 pixels and the refresh rate was 60 Hz. Luminance of the display elements was measured using a Minolta LS110 photometer. 
Stimuli
With the exception of Experiment 1b, the search displays consisted of one target and two types of distractors, presented against a gray background (35.69 cd/m 2 ). The stimuli were white (59.7 cd/m 2 ) and black line segments (5.4 cd/m 2 ) that were oriented either 45
• clockwise or 45
• counterclockwise (see Fig. 1 ). Each line was approximately 6.3 mm × 0.84 mm, which at the test distance subtended 0.72
• in length and 0.01
• in width. The stimuli were restricted to an active display area of 131.88 mm × 131.88 mm (14.78
• ), with a minimum separation of 4.2 mm (0.48 • ). For Experiment 1b, the targets and distractors differed in color instead of contrast polarity. The two colors chosen were red and green, which were presented against a black background. The luminance of the background was 4.3 cd/m 2 , the red items were 15 cd/m 2 and the green items were 40 cd/m 2 . Both the fixation stimulus and visual feedback were presented in gray against the same black background.
Design
For all but Experiment 3, participants completed 8 sessions of search, each of 216 trials divided into 6 blocks of 36 trials and generally separated by no more than two days. In Experiment 3, the inexperienced observers also had 8 sessions of training, while the experienced observers (CS, GH and LM) reached asymptote in 864 trials over 4 sessions of training.
In Experiment 1a, on odd-numbered blocks, observers searched for a white, clockwise target embedded in white, counterclockwise and black, clockwise distractors. On even-numbered blocks, the target was switched to a black, clockwise line, which was displayed with white, clockwise and black, counterclockwise distractors. Thus, each block was a reversal of the target and one distractor and the reversal occurred on the dimension of contrast polarity. We used this approach initially because reversing on both dimensions would have forced us to use a target on block N that was never used as a distractor on block N − 1 and this does not constitute a target reversal as commonly instantiated (e.g. . Experiment 1b was identical to Experiment 1a except that color replaced contrast polarity as the dimension along which block-wise reversals occurred.
In Experiment 2, both contrast polarity and orientation were reversed. On 'odd' blocks of trials, the target was a white, clockwise line embedded in white, counterclockwise and black, clockwise distractors. On 'even' blocks of trials, the target was a black, counterclockwise line also embedded in white, counterclockwise and black, clockwise distractors. One might raise the concern here that because the distractors are consistently mapped and the target per se is not reversed (that is, neither the white, clockwise target nor the black, counterclockwise line become distractors) this does not constitute a varied-mapping task. The concern hinges on whether observers attend to objects or features of objects. If in search people attend to objects, then training to look at a white, clockwise line should not inhibit later search for a black, counterclockwise line. If on the other hand, we attend to features, (Ho and Scialfa, 2002; Ho et al., 2003; Shen et al., 2000; Scialfa, et al., 2000; Williams and Reingold, 2001) indicate that observers attend to features and thus we contend that our manipulation meets the definition of VM.
In Experiment 3, reversal on contrast polarity occurred randomly from trial to trial and the fixation stimulus (black or white) signaled the contrast polarity of the target in the upcoming display. Experiment 4 also involved trial-wise reversal of contrast polarity but used a blue fixation stimulus and thus provided no top-down information on contrast polarity of the target. Experiment 5 similarly eliminated top-down knowledge of target contrast polarity but reversed both polarity and orientation on a trial-wise basis. Thus, in Experiments 4 and 5, observers knew that they were looking for one of two targets, but did not know which one before the display was presented. A summary of experimental differences in design is given in Table 1 .
Procedure
For all experiments, each trial began with a centrally placed fixation cross. Participants were instructed to fixate the cross at the beginning of each trial and to press any key to initiate the onset of the search screen. The fixation screen disappeared after 50, 100, or 150 ms, which was randomized for each trial to control for anticipatory searching. The participant's task was to search the ensuing display for the target and to respond whether it was present or absent by pressing the corresponding keys on the keyboard. Feedback was given after each response; a 'plus' sign was shown if the answer was correct, a 'minus' sign if the answer was incorrect, and rarely. On one-half of the trials the target was present. Target presence was randomized within each block. Display size varied between 6, 12, and 24 items and was also randomized within each block.
RESULTS
Before discussing the RT data that are the focus of experiments, a few comments regarding accuracy are in order. Across all experiments, error rates were low, averaging less than 10% by the last session of training. Generally, error rates were higher in the first session of training, higher for target-present trials as is common in search and higher for novice compared to experienced observers. Importantly, error rates decreased through training and so the declines in RT slopes found with practice are not the result of speed-accuracy trade-offs.
Experiment 1a
The averaged slopes and intercepts for the first and last sessions of training for both naïve and experienced observers are shown in Table 2 . The mean data suggest that both groups improved with training and that the naïve observers performed similarly to experienced observers on target-present trials, but exhibited larger slopes on target-absent trials, as would be expected if the observers adopted a more conservative criterion (see Chun and Wolfe, 1996) for similar arguments. These results were borne out in a 2 (session) × 2 (target presence) × 2 (experience) mixed-model analysis of variance (ANOVA) on the slope data. Slopes were greater for target-absent than for target-present trials, F (1, 4) = 16.53, p = 0.015. Performance was best in the last session compared to the first session of training, F (1, 4) = 12.75, p = 0.023. As well, experienced observers had lower slopes than naïve observers, F (1, 4) = 22.41, p = 0.009.
These effects must be considered in light of several higher-order effects. There was a marginal presence × experience interaction (p = 0.091) because naïve observers were at disadvantage only on target-absent trials. The presence by session interaction F (1, 4) = 32.02, p = 0.005 arose because performance on target-present trials was very efficient even in the first session of training and thus showed little improvement over the protocol, while performance on target-absent trials became much more efficient. The session × experience interaction was nonsignificant (p = 0.226), indicating that both groups improved at the same rate over training. Finally, there was a session × presence × experience interaction, F (1, 4) = 10.35, p = 0.032, because it was naïve observers who improved more than experienced observers, primarily on target-absent trials.
These data are comparable to the slopes found by Ho and Scialfa (2002) for younger adults using similar stimuli in CM training. In their study, participants were trained for four sessions before a target reversal. After four sessions of training, the average target-present slope was 5.31 ms/item. After 16 sessions of training, the slope for target-present trials was 3.58 ms/item. According to Treisman and Souther (1985) , slopes under 5-6 ms per item constitute parallel search. Thus, it seems as if both naïve and experienced observers are carrying out parallel search of the displays. To examine the possibility of disruption from reversals that would be predicted by strength theory, for each observer and condition, we calculated a disruption score (Rogers, 1992) each time the target was switched. A disruption score is the percentage of change in RT from one session and the session that precedes it. Over the entire experiment, there were 47 switches of the target. Disruption scores clustered around zero (M = −0.78; SD = 7.96), so no disruption is evident.
Another way to examine short-term disruption produced by target-distractor reversals is to examine the relation between RT and a trial's serial position in a block. If disruption results from reversal but rapidly dissipates, it should be evident in trials close to the point of reversal. We used individually derived power functions to fit the trial-wise data within each block. In the first session of VM training, the R 2 , averaged across conditions and observers was 0.06 and the exponent was −0.03. In the last session of training, the R 2 was 0.08 and the exponent was −0.04. Thus, while the exponent is in the right direction, the amount of variance accounted for by a trial's position within the block provides no evidence for short-term disruption. Table 2 , efficient performance was maintained throughout the experiment and asymptotic performance for both target-present and target-absent trials is within or near the range normally associated with parallel search. As in Experiment 1a, short-term disruption scores were calculated each time a target was switched. Disruption scores did not depart from zero (M = 0.44; SD = 8.76). We also examined short-term disruption by estimating the relation between RT and the trials' proximity to reversal. The average R 2 was 0.10 for the first session and 0.06 for the last session of VM training. The exponents averaged −0.05 and −0.03 for the first and last sessions, respectively. Thus, as in Experiment 1a, the exponents are in the right direction, but the variance account for by a trial's serial position provides no evidence for disruption following reversal.
Experiment 1b
Summarized in
Experiment 2
Table 2 provides summary slope and intercept data for RTs for the first and last session of training in Experiment 2. In Session 1, display size effects were slightly greater than in the last session of Experiment 1b; however, the estimated display size effect still indicated that search was relatively easy. By the end of training, slopes for target-present trials were within the range expected for parallel search. Also, for neither variable was the TA : TP ratio close to the 2 : 1 value that would be expected for a serial, self-terminating search.
As in Experiments 1a and 1b, short-term disruption was examined with disruption scores of each target switch. Disruption was minimal and did not depart from zero (M = 0.32; SD = 6.92). We also examined disruption by determining the relation between RT and the trial's proximity to reversal. The average R 2 was 0.163 for the first session and 0.075 for the last session of VM training. The exponents averaged −0.08 and −0.02 for the first and last sessions, respectively. Again, there is no evidence for short-term disruption following reversal.
Experiment 3
From the average display size effects for RT in Experiment 3, several trends are apparent (Table 2 ). In the first session of training, RTs were not strongly related to display size for target-present trials and only for naïve observers was there a display size effect on target-absent trials. Little improvement was seen generally on target-present trials but, on target-absent trials, naïve observers showed substantial reductions in display size effects.
These trends were analyzed in a presence (2) × session (2) × experience mixedmodel ANOVA that revealed the only significant effect was due to experience, F (1, 4) = 12.97, p = 0.023. While this may seem problematic, it is important to point out that by the end of VM training, the slopes for both groups were equivalently indicative of very efficient search. Of most importance, trial-wise changes in target features did not impose a cost in the effects of display size.
Experiment 4
Table 2 provides summary data in the same form as has been given previously. RT increased greatly relative to Experiments 1-3 and, although practice resulted in average decreases in display size effects, even in the last session of training, average intercepts indicated that search was slower overall and slopes indicated that it was more effortful than in previous experiments where target identity was known. This is not due to an inadequate amount of training. For all observers, performance had reached steady-state levels and further improvements were unlikely.
Experiment 5
The slopes of the RT data (Table 2) suggest that search was initially rather difficult, but the slopes were reduced considerably by the last session of training, certainly for target-present trials. The ratio of target-absent and target-present slopes was greater than 2 : 1. The ratio data suggest that search had a serial component, but the small RT slopes for the target-present condition in the last training session were not what would be expected from a strictly serial search. Intercepts again indicate that search was more difficult than when target identity was known.
DISCUSSION
The experiments reported herein were intended to determine the conditions under which efficient visual search performance arises as a result of VM training. The picture that emerged was that long-term, consistent-mapping during training was not needed to search displays with little interference from distractors. Experiments 1-3 indicated that targets and distractors can be reversed on one or two perceptual dimensions on a block-wise or trial-wise basis and performance in both experienced and naïve observers is efficient enough to be considered parallel in nature. Experiments 4 and 5 show that there is a top-down component to efficient search in VM conditions, because when target identity is not known prior to display onset, performance suffers.
The results of Experiments 1-3 are consistent with recent data we have collected examining the development of automaticity in CM visual search. Several eye movement studies (Ho and Scialfa, 2002; Ho et al., 2003; Scialfa et al., 2000) have found that observers rapidly attend to features defining the target and that this feature-based selection continues to operate with great efficiency, even when targets and distractors are periodically reversed. Such findings, along with the data reported here, are a challenge for strength-theoretic approaches (Schneider and Shiffrin, 1977) , which predict that efficient search will not develop under VM training and that once search is automatized, reversal will produce disruption in performance because objects that must be ignored are attended involuntarily.
One might make the argument that the absence of disruption at reversal indicates that performance in these experiments does not reflect automatization. Automatic levels of skill are seen to involve the involuntary allocation of attention to objects, even when this is inappropriate in changing task constraints. If disruption is a necessary criterion for the establishment of automaticity, then the VM search examined here, while clearly quite efficient, is not in the strict sense automatic. However, we have found that repeated reversals do not produce disruption in CM training either (Ho and Scialfa, 2002) , so disruption may not be a valid criterion for automaticity in visual search.
It has been suggested that if search is occurring in a spatially parallel manner, then the slopes relating target-absent and target-present data should change from the 2 : 1 ratio predicted by a serial, self-terminating search to a 1 : 1 ratio. There are certainly some cases where this occurs but, as Wolfe (1994) has pointed out, the ambiguity confronting observers as they decide to terminate a trial produces substantial variation in the slope ratios across a variety of search conditions. One of the more important factors appears to be cautiousness and, relatedly, where the criterion is set for terminating search on a target-absent trial. We have found, for example, that older adults (see Ho and Scialfa, 2002) are much more cautious than younger observers and so the ratio of their target-absent and target-present slopes are often greater than 2 : 1, even when the search slopes on target-present trials are quite small. Such criterion differences may also explain why our novice observers tend to have larger slope ratios than the experienced observers.
The skilled VM search observed here may be seen as the result of consistency at a higher level than that of object features. Higher-order consistency exerts a substantial influence in skill development, even when lower-order task components are inconsistent (Anderson, 1983; Duncan, 1986; Kramer et al., 1990) . As a consequence, a feature-level reversal may not produce disruption in performance if it remains consistent with the higher-order relations that governed the development of the skill. A similar explanation has been proposed to account for the lack of disruption following reversal in CM conjunction search (Ho and Scialfa, 2002; Ho et al., 2003) and may explain why Ahissar et al. (1998) found some evidence of positive transfer in orientation-based feature search.
Guided Search (Wolfe, 1994) may be able to account for these results. The relatively effortless search seen in Experiments 1-3 is likely the result of top-down processes that either select objects of the target's luminance or color before bottomup activation is determined or overwhelm the bottom-up activation through a large relative contribution to total activation. Rule-based learning (Strayer and Kramer, 1994a, b) can also account for these data. Observers can use an algorithm that first selects on the target's luminance or color and then searches for the orientation singleton. In order for top-down modulation or rule-based learning to be used successfully, however, observers must have knowledge of the target's features.
If top-down processes are important mediators of the development of effortless VM search, then eliminating knowledge of the trial target should disrupt performance. In Experiments 4 and 5, observers were not provided with knowledge of the target's varying features. Search was initially slow and difficult. VM training produced considerable improvements in speed and efficiency and, by the end of training, the slopes of the RT data were too shallow to be consistent with a serial, self-terminating search. However, compared to Experiments 1-3, the most salient finding in Experiments 4 and 5 was that observers were much slower (as indicated by intercepts) to respond than when target identity was known prior to display onset. This slowing likely occurs because top-down mechanisms cannot be used immediately on display onset, but must await the accumulation of feature-based evidence in the display itself to determine which target is present. The use of feature-based rules may explain why VM training is conducive to the development of efficient visual search but not efficient VM memory search . In CM visual and memory search, the consistency of target and distractor stimuli means that attention can be selectively allocated to specific features that maximally discriminates them. This, in turn, means that few distractors will be selected for scrutiny because they do not possess the necessary features. The same is true for simple VM visual search involving only one target. Even though the relevant features may change, these changes can be easily and rapidly accommodated by an algorithm that eliminates most distractors from search. In fact, Schneider and Shiffrin's Experiment 2 (1977, p. 19) found only a small slope in VM search when there was only a single target. In more difficult VM memory search, however, the features that separate targets and distractors are much more complex. Consider, for example, searching for the letters A, B, C, and D amongst E, F, G, and H. What rule can be applied to eliminate distractors from processing? Will this rule be easily found and used by observers even when surface features change?
There is an additional set of questions arising from the possibility that rulebased learning mediates the development of efficient CM and VM visual search:
How robust is the rule once learned? Is it restricted to the features used for training? Can it generalize not only to differing features but also to differing perceptual dimensions? These questions are being addressed in an upcoming series of experiments, the results of which we hope to report in the near future.
